In the 1960s, Bullough introduced the concept of chalones, inhibitors of cell growth that provide a negative feedback mechanism to control the size of a specific tissue [1] . In a very elegant study in this issue, Shu et al. [2] demonstrate that myostatin represents a chalone of the insulin-like growth factor-1 (IGF-1) pathway in the heart.
The IGF-1 signaling pathway, as summarized in Fig. 1A , represents an important physiological mechanism of cardiac cell growth that is initiated upon binding of IGF-1 to a tyrosine -kinase receptor (IGFR) very similar to the insulin receptor. When activated, the IGFR phosphorylates the insulin receptor substrate-1 (IRS-1). Tyrosine phosphorylated IRS-1 is a docking protein for the phosphatidylinositol 3-kinase (PI3K), which in turn activates the protein kinase Akt. IGFR can also bind adapter proteins such as Sos-2, which activates the proto-oncogene Ras and thereby the MAP kinases ERK1 and ERK2 (or p42/p44 MAP kinases). As illustrated in Fig. 1A , these two signaling pathways mediate most of the effects of IGF-1 in the heart, which are very reminiscent of the effects of insulin. ERK1/2 stimulates cell growth through activation of specific transcription factors (such as Elk-1 or GATA), whereas Akt stimulates glucose metabolism and cell growth [3] and prevents apoptosis [4] .
Due to these multiple effects on cardiac cell growth, the IGF-1 pathway must respond to negative feedback mechanisms. For instance, IRS-1 is a substrate for S6K, a protein kinase downstream PI3K and Akt that stimulates cardiac cell growth (Fig. 1A) . Upon chronic activation of the PI3K pathway, S6K phosphorylates IRS-1 on specific serine residues, tagging the protein for ubiquitination and subsequent degradation by the proteasome [5] . More recently, it was shown that chronic activation of Akt also decreases the expression of IRS-1 through a stimulation of proteasome degradation and by transcriptional repression [6] . IGFR can also be a target for proteasome-mediated degradation, a process that is limited by the heat shock protein Hsp 60 [7] .
These negative feedback mechanisms will inhibit components of the IGF-1 pathway, but one may wonder if this is sufficient to slow down cell growth or if a separate signaling pathway that specifically inhibits cell growth would also need to be activated. Shyu et al. demonstrate that the IGF-1 signaling pathway directly activates the expression of myostatin, an inhibitor of cell growth [2] . The authors show that stimulation of cardiac myocytes with IGF-1 activates the stress kinase p38 MAPK, which in turn increases the activity of the transcription factor MEF-2, leading to the transactivation of the myostatin gene. In this study, which unravels the entire signaling cascade (stimulus -transducer -effector -target), the novelties are twofold. First, myostatin acts as a cardiac chalone for IGF-1. Second, the induction of myostatin expression by IGF-1 is mediated by p38 MAPK. A chalone is secreted by specific tissues and provides a negative feedback mechanism to control the size of the tissue producing it [1] . In the present model, IGF-1 mediates cardiac myocyte growth, myostatin is secreted by cardiac myocytes and accumulates until it reaches a threshold causing inhibition of cardiac growth.
Myostatin is a member of the transforming growth factor-beta superfamily of secreted regulatory factors [8] that is found predominantly in skeletal muscle, but also in the heart [9] . Germline deletion of myostatin in mice resulted in a dramatic increase in skeletal muscle mass due to hyperplasia and hypertrophy, showing that myostatin acts as a negative regulator of skeletal muscle growth [8] . Myostatin is present in the extracellular milieu as a latent complex, bound to inhibitory proteins such as the inhibitory propeptide, follistatin and follistatin-related gene (Fig. 1B) . Proteolytic cleavage by members of the bone morphogenetic protein (BMP)-1/tolloid family of metalloproteinases releases the active form of myostatin, which binds two types of receptors. Upon ligand binding, the type II receptor phosphorylates and activates the type I receptor, which in turn phosphorylates the receptorregulated Smads (R-Smads), Smad2 and Smad3. Upon binding to Smad4, the Smad complex translocates to the nucleus where it recruits co-activators and co-repressors to regulate the expression of target genes. In adult muscle, myostatin maintains the regenerative satellite cells in a quiescent state by upregulating p21, a cyclin-dependent kinase inhibitor, and decreasing the levels of Cdk2 and phosphorylated Rb [10] . Myostatin also negatively regulates myoblast differentiation to myotubes by downregulating the myogenic bHLH transcription factors MyoD, myf5, and myogenin.
Whereas IGF-1 is known to mediate its effects through ERKs and Akt, the current study shows that the transactivation of myostatin is mediated by the stress-activated p38 MAPK. Although it remains unclear by which mechanism IGFR activates p38 MAPK, this protein kinase is a well-known mediator of ''pathological'' hypertrophy, i.e., the pattern of hypertrophy that follows pressure or volume overload. Reciprocally, activation of the ERK and Akt pathways are regarded more as the mechanisms mediating ''physiological'' hypertrophy, such as the increase in heart mass induced by exercise [11] . The ''pathological'' form of hypertrophy is maladaptive because it increases cardiac stress, leads to progressive cell loss and eventually precipitates heart failure if the cause is not treated. The clinical conditions corresponding to these models are systemic hypertension (pressure overload) and post-ischemic cardiomyopathy (volume overload). Reciprocally, the physiological hypertrophy induced by aerobic (isotonic) exercise is a pure adaptation to increased cardiac output and does not increase cardiac stress. IGF-1 mediates the latter form of hypertrophy, yet an excess of IGF-1 can lead to cardiac dysfunction and failure. A typical example is the hypertrophic cardiomyopathy that accompanies acromegaly, a disease characterized by an excessive production of growth hormone, which stimulates the massive release of its effector IGF-1 [12] . Therefore, moderate concentrations of IGF-1 induce an adaptive hypertrophy, whereas excessive levels will stimulate p38 MAPK and thereby limit hypertrophy through the production of its chalone myostatin.
This dose-dependent effect of IGF-1 leads to the unanswered question whether myostatin expression is good or bad for the hypertrophied heart. For example, Shyu et al. show that myostatin expression increases in a model of volume overload, which is in agreement with reports showing that IGF-1 production increases after myocardial infarction [9, 13] . Although IGF-1 is a positive effector of post-infarction remodeling, myostatin production in that setting could limit the increase in heart mass, thereby inducing an imbalance between the increase in contractile demand due to the overload and the contractile capacity of the heart. Such imbalance would lead to further cellular damage and to heart failure if the cause of overload is not removed. Therefore, more work is required to elucidate the physiological relevance of this interesting feedback mech- anism. It is likely that a genetic manipulation of myostatin expression in the heart will shed further light about its potential role in the transition to heart failure.
